In the pursuit of further establishing a neurodevelopmental animal model to investigate the mechanisms underlying impaired executive function, a core and severely debilitating symptom of schizophrenia, we sought to characterize the deficits in behavioral flexibility in adult rats following neonatal infusions of nerve growth factor (NGF) into the medial part of the developing frontal cortex. Our previous studies using this neonatal frontal cortical lesion model have shown that it leads to adultonset positive and negative symptom-like features, and several neuropathological abnormalities of schizophrenia. In the present study, we used operant conditioningbased paradigms to investigate set-shifting ability and reversal learning performance in adult rats that received infusions of NGF into the developing frontal cortex on post-natal day 1. NGF-infusion caused apoptosis of cells in the subplate layer. Adult rats that received neonatal infusions of NGF showed decreased grey matter thickness, and decreased levels of parvalbumin in prelimbic and infralimbic areas of the medial prefrontal cortex (mPFC). NGF-treated rats had difficulty completing the set-shifting and reversal learning tasks due to increased perseverance (ie, a failure to disengage from the previously-learned strategy once the rule contingencies were changed) compared to the control group. Collectively, these results identify the crucial role of the frontal cortical subplate layer in the structural and functional development of the mPFC relevant to schizophrenia. Furthermore, the present findings substantially advance the face and construct validity of this putative preclinical model of schizophrenia based on developmental disruption of the frontal cortical subplate.
In the pursuit of further establishing a neurodevelopmental animal model to investigate the mechanisms underlying impaired executive function, a core and severely debilitating symptom of schizophrenia, we sought to characterize the deficits in behavioral flexibility in adult rats following neonatal infusions of nerve growth factor (NGF) into the medial part of the developing frontal cortex. Our previous studies using this neonatal frontal cortical lesion model have shown that it leads to adultonset positive and negative symptom-like features, and several neuropathological abnormalities of schizophrenia. In the present study, we used operant conditioningbased paradigms to investigate set-shifting ability and reversal learning performance in adult rats that received infusions of NGF into the developing frontal cortex on post-natal day 1. NGF-infusion caused apoptosis of cells in the subplate layer. Adult rats that received neonatal infusions of NGF showed decreased grey matter thickness, and decreased levels of parvalbumin in prelimbic and infralimbic areas of the medial prefrontal cortex (mPFC). NGF-treated rats had difficulty completing the set-shifting and reversal learning tasks due to increased perseverance (ie, a failure to disengage from the previously-learned strategy once the rule contingencies were changed) compared to the control group. Collectively, these results identify the crucial role of the frontal cortical subplate layer in the structural and functional development of the mPFC relevant to schizophrenia.
Introduction
Cognitive impairment, including a deficit in executive function, is a core symptom of schizophrenia, and remains an unmet clinical need. [1] [2] [3] [4] Executive function is comprised of attention, working memory, planning and behavioral flexibility (eg, set-shifting and reversal learning); each of which can be impaired in schizophrenia. [4] [5] [6] Patients with schizophrenia also show increased perseverative errors leading to impaired performance on the Wisconsin Card Sorting Test (WCST), 7 -10 a neuropsychological assessment tool that requires them to demonstrate behavioral flexibility, and alter their responses when the strategy needed to make a correct choice is changed without notice.
To date, several preclinical animal models, including those involving pharmacological challenge, as well as genetic and/or neurodevelopmental manipulations, have been used to investigate the underlying abnormalities that might contribute to the behavioral flexibility deficits of schizophrenia. [11] [12] [13] [14] [15] [16] Preclinical research has also examined the putative mechanisms associated with the positive and negative symptoms of the disorder. For example, in a neurodevelopmental rat model, we have shown that partial lesions of the subplate layer of the developing frontal cortex results in positive and negative symptom-like features in adulthood. [17] [18] [19] More specifically, infusions of either saporin-conjugated to p75 receptor antibodies (an immunotoxin) or nerve growth factor (NGF) β subunit into the frontal cortex of postnatal day 1 (P1)-old rat pups resulted in lesions of subplate layer, and adult-onset manifestations of increased responsiveness to systemic amphetamine challenge or environmental stress, as well as deficits in pre-pulse inhibition 18 and social interaction. 19 Located between the developing cortical plate above and the intermediate zone below, the subplate is comprised of some of the earliest-born cells of the cerebral cortex and their neurites and synapses, radially and tangentially migrating neurons en route to cortical plate, developing thalamocortical fibers, radial glial processes, glial precursors, and extracellular matrix. [20] [21] [22] [23] Intrinsic neurons of the subplate mature precociously and play a critical role in proper pathfinding of thalamocortical fibers, maturation of GABAergic interneurons of the cortex as well as cortical oscillations. [23] [24] [25] [26] In the adult brain, remaining intrinsic neurons of the subplate contribute to interstitial neurons of the white matter. 23, 27 Interestingly, abnormalities in thalamocortical projections and GABA interneurons, altered distribution of interstitial white matter neurons, and abnormal oscillatory activity have been described in the prefrontal cortex (PFC) in schizophrenia, and are implicated in cognitive deficits of the disorder. [28] [29] [30] [31] [32] [33] The present study was designed to investigate the effect of a developmental disruption of the frontal cortical subplate layer on behavioral flexibility. To that end, we used operant conditioning-based paradigms [34] [35] [36] to assess set-shifting ability and reversal learning in adult rats that received neonatal infusions of NGF into their developing frontal cortex.
Methods

Animals
On P1, one-half of the Sprague-Dawley rat pups from a given litter received infusions of NGF β subunit or sterile saline as vehicle into their developing frontal cortex, using the methods described by Rajakumar et al. 18 At 10-12 weeks of age, the NGF-treated rats (n = 11 males) and saline-treated control animals (n = 10 males) used in the present study were randomly selected from 3 to 4 different litters. All procedures were in accordance with the guidelines of Canadian Council on Animal Care and National Institute of Health Guides for the Care and Use of Laboratory Animals (NIH Publication #80-23), and were approved by the Western University Animal Care Committee. More detailed methods are available in the supplementary data section.
Behavioral Training and Testing
The set-shifting and reversal learning tasks used operant conditioning-based paradigms, with sucrose pellets as positive reinforcement. All food-restricted rats progressed through a series of sequential sessions, involving training, side bias determination, visual-cue discrimination, visual-cue retrieval, set-shifting, and reversal learning.
Apparatus
The front panel of the operant chamber (Med-Associates) had 2 retractable levers, positioned on either side of a central pellet receptacle. A stimulus light was positioned above each lever, and a house light was located at the top of the back panel. Upon each correct lever press, a dispenser delivered a pellet to the receptacle. Customized software (MED-PC IV, Med-Associates) controlled the chamber, and trial-by-trial data were recorded.
Set-Shifting
Once rats had been trained to press the retractable levers for pellets, their side bias was determined. On the next day, rats performed the visual-cue discrimination task. Over 100 total trials, all rats learned that "following the light" was the correct strategy. The next day, rats were subjected again to 20 visual-cue trials to assess their ability to retrieve the original strategy. On the 21st trial, the protocol was switched to a response discrimination task, which now required the rats to set-shift, and press only the lever opposite their side bias regardless of the location of the illuminated stimulus light. The performance criterion for set-shifting was 10 consecutive correct responses, with a maximum of 120 trials. Incorrect lever presses were recorded as errors, as described previously.
34,35
Reversal Learning
On the days following set-shifting, rats again performed the response discrimination task (ie, they needed to press the same lever as that of previous set-shift day, regardless of the stimulus light). All rats achieved the performance criterion (ie, 10 consecutive correct responses) multiple times in the first session, which ensured that they had fully learned the response discrimination task. The next day rats were subjected to 20 trials that were consistent with the previous day's rule (eg, left lever was always correct). From the 21st trial onward, the rule was reversed, and now the rats had to respond on the opposite lever (eg, right lever was now correct) during every trial regardless of stimulus light. The number of trials and errors to the performance criterion (ie, 10 consecutive correct choices) were counted. 35, 36 The maximum number of trials performed was 120.
Immunohistochemistry
A group of pups that received infusions of NGF or saline at P1 were decapitated 6 hours after intracerebral infusions, brains were immersion fixed, and coronal sections were cut (12 μm). Series of sections were immunolabeled for activated caspase 3, and counter-stained with Hoechst. Adjacent sections were immunolabeled for chondroitin sulfate proteoglycan (CSPG), a known marker for the subplate layer. 37 Separately, coronal sections (40 μm) of adult forebrain were processed for Nissl staining or for fluorescent immunolabeling of parvalbumin using methods published previously. 38 
Western Blotting
Adult rats were decapitated, their brains removed rapidly, and micropunches were obtained from the prelimbic area of the medial prefrontal cortex (mPFC). 39 Western blotting determined the levels of parvalbumin using methods published previously. 40 
Statistical Analysis
Various statistical tests were used to compare the NGFtreated rats and controls, including unpaired 2-tailed Student's t tests, and a 2-way mixed ANOVA, followed by Tukey's post hoc tests. Statistical analysis was conducted using GraphPad Prism 7.0 software. The significance level was set at P < .05. Data are presented as mean ± standard error of mean.
Results
Neonatal Infusion of NGF Leads to Apoptosis of Cells in the Frontal Cortical Subplate Layer As Well As Structural Changes in the Adult PFC
In P1 rat brains, CSPG immunolabeling showed clear delineation between cortical plate and subplate layers (figure 1A). Sections through the frontal cortex taken 6 hours after NGF infusions showed a large number of activated caspase 3 immunoreactive cells mainly in the subplate layer (figures 1A-E). Quantitative analysis from 5 sections from either side of the infusion cannula tract (12 μm thick sections separated by 120 μm intervals; a total of 10 sections × 5 pups) revealed significantly more apoptotic cells in the subplate vs cortical plate (P < .05; Student's t test; figure 1F ). No evidence of activated caspase 3 labeled cells was observed in the underlying striatum, or in developing parietal or temporal cortical areas, thalamus or hippocampus in NGF-treated pups. No caspase 3 labeling was seen in control animals.
Nissl stained sections through the adult brains showed no evidence of residual mechanical damage in the frontal cortex or underlying white matter, indicating that the deficits observed in behavioral testing were not due to a direct effect of trauma or mechanical injury. As predicted, cortical grey matter thickness was significantly decreased in the prelimbic area of the mPFC in NGF-treated animals (P < .05; Student's t test; figures 2A-E). Furthermore, sections labeled for parvalbumin immunoreactivity showed decreased intensity of parvalbumin-immunoreactivity in the prelimbic area of the mPFC in NGF-treated rats (figures 2F and 2G). Western blotting showed a significant decrease in parvalbumin protein levels in micropunches taken from prelimbic and infralimbic areas of the mPFC grey matter in NGF-treated rats compared to saline controls (P < .05; Student's t test; figures 2H and 2I). Collectively, these histological results are consistent with our past studies, [17] [18] [19] and confirm that the adult rats in the present study did indeed experience a developmental lesion of their frontal cortical subplate layer.
Effect of Subplate Lesioning on Visual-Cue Discrimination Learning and Memory Retrieval
To determine the possible effect of the subplate lesion on acquisition learning, we compared the performance in a visual-cue learning task. As expected, there was no significant difference in trials to criterion between control (53.8 ± 9.4, n = 10) and NGF-treated (50.6 ± 7.7, n = 11) groups [t (19) = 0.262, P = .796] ( figure 3A) . On the day after the visual-cue discrimination task, prior to performing the actual setshifting task, the rats were subjected to an initial 20 visual-cue trials to determine if the subplate lesioning impaired the ability to retrieve the original visual-cue discrimination strategy learned on the previous day. An unpaired 2-tailed t test revealed that there was no significant difference between NGF-treated and control groups [t (19) = 0.525, P = .576; figure 3B ]. Thus, neonatal subplate lesioning did not affect acquisition learning or memory retrieval abilities.
Effect of Subplate Lesioning on Set-Shifting
Consistent with our predictions, the NGF-treated group required a significantly greater number of trials to achieve the performance criterion [t (19) = 2.39, P < .05], and they committed significantly more errors to criterion [t (19) = 2.597, P < .05] during the set-shifting task compared to the control group (2-tailed unpaired Student's t tests; figures 4A and 4B). Consistent with previous studies, 34 ,35 a 2-way mixed ANOVA was used to compare the error types committed by the groups, in which the presence/absence of the subplate lesion was the betweensubjects factor, and type of error was the within-subject factor. In addition to a significant main effect for lesioning [F(1,9) = 8.89, P < .02] and error-type [F(1,18) = 89.78, P < .001], there was a significant interaction [F(2,18) = 8.70, P < .005]. Moreover, Tukey's post hoc testing revealed a significant difference between the number of perseverative errors committed by the NGF-treated group vs the controls (P < .01); findings which suggest that NGF-treated rats had difficulty in set-shifting due to a failure to disengage from the original visual-cue discrimination strategy. In contrast, the number of regressive and never-reinforced errors committed by both groups were comparable (P > .05; figure 4C ). Despite the impaired set-shifting performance of the NGF-treated group, the latency to respond was not different between groups for either the correct or incorrect lever presses (P > .05; repeated-measures of ANOVA; figure 4D ). Furthermore, the number of omissions committed during set-shifting were negligible in both groups [t (19) = 0.3832, P = .706] (figure 4E).
Effect of Subplate Lesioning on Reversal Learning
On the day that the reversal learning task was performed, the number of errors committed during memory retrieval for first 20 trials was comparable between the NGF-treated group (1.6 ± 0.5, n = 11) vs controls (2.0 ± 0.3, n = 10). Furthermore, the number of omissions committed during the reversal did not differ between the groups (P > .05; 2-tailed unpaired Student's t test). As predicted, during the reversal learning task, the NGF-treated rats showed a significant increase in the number of trials needed to achieve the performance criterion [t (19) = 2.13, P = .05], and they committed a greater number of errors [t (19) = 3.089, P < .01] compared to the control group (2-tailed unpaired Student's t tests; figures 5A and 5B).
Discussion
The present study provides the first observation that behavioral flexibility, a core feature of executive function, is significantly disrupted in adult rats that experienced lesions of the subplate layer of their developing frontal cortex via neonatal NGF infusion. Importantly, the present findings complement our previous work using this putative rat model of schizophrenia in which we characterized several positive-and negative-like symptoms and neuropathological abnormalities associated with the disorder.
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Neonatal Infusions of NGF Causes Apoptosis of Cells in Subplate Layer
CSPG is found in subplate when thalamocortical fibers are present. 37 Our results showed that CSPG immunoreactivity is considerably stronger in subplate layer compared to cortical plate in rat frontal cortex at P1, and clearly delineates the border between cortical plate and subplate. Consequently, CSPG labeling indicated that the majority of activated caspase 3 labeled apoptotic cells were located in the subplate layer. At this stage of development, the subplate layer contains, in addition to the earliest born intrinsic neurons of the subplate, a large number of radially and tangentially migrating late-born neurons destined to the cortical plate, radial glial processes, and glial precursors. [20] [21] [22] [23] With the current methods employed it was not possible to identify precisely the cell population lesioned in the present model; nevertheless, the apoptotic cells are predominantly located in the subplate. Exogenous application of NGF causing apoptosis of cells in vivo has never been demonstrated. However, in in vitro preparations, NGF has been shown to cause apoptosis in certain cell types via p75 receptor-mediated signaling in the absence of trk A receptors. [41] [42] [43] [44] [45] Interestingly, intrinsic neurons of the subplate in rodents at latter stages express p75 neurotrophin receptors with undetectable levels of trk A receptors. 24 Therefore, it is possible that those cells showing apoptotic nuclei in the present study may indeed The number of trials required to reach the performance criterion did not differ between the NGF-treated rats (NGF) and controls (Sal; P > .05, Student's t tests). (B) The number of errors committed during retrieval of visual-cue strategy was also comparable between groups (P > .05, Student's t tests). Controls, n = 10; NGF, n = 11. Data are expressed as the mean ± SEM.
be intrinsic neurons of the subplate. Further studies are needed to address this possibility.
Role of PFC and Mediodorsal Thalamus in Behavioral Flexibility
The PFC is strongly implicated in several cognitive functions, including behavioral flexibility. 35, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] Furthermore, it was also well-established that afferent projections from the thalamus to the PFC are essential for normal executive function, as inactivation of the mediodorsal nucleus of the thalamus (MDT) or disconnection of the MDT-mPFC projections cause significant cognitive impairment. 54, [56] [57] [58] During development, subplate cells play a crucial role in guiding thalamic afferent projections to their normal target sites within the developing cortex. 29, 33, 34, [59] [60] [61] Moreover, lesions of subplate cells result in abnormal distribution of thalamo-cortical terminals within the cortex, leading to functional deficits. 32, 33, 62 Thus, it was predicted that frontal cortical subplate lesions would affect behavioral flexibility.
Neonatal Subplate Lesion and Impaired Set-Shifting
Subplate lesioning via NGF infusion in neonatal rats resulted in impaired set-shifting in adulthood, which was characterized by an increased number of trials needed to achieve the performance criterion, as well as a greater The number of trials to criterion and (B) number of errors committed prior to achieving the criterion were significantly greater in the NGF-treated rats (NGF) compared to controls (Sal; *P < .05; Student's t test), and (C) the NGF-treated rats made significantly more perseverative errors (**P < .005; 2-way mixed ANOVA followed by Tukey's test). (D) The latency to respond on the lever during different types of trials was comparable between the NGF-treated rats and controls (P > .05, 2-way mixed ANOVA) (E) Both groups showed a negligible number of omissions during set-shifting (P > .05; Student's t test). Controls, n = 10; NGF, n = 11. Data are expressed as the mean ± SEM. number of errors committed. Despite these deficits, the NGF-treated rats showed no impairment in the learning or memory retrieval of the original visual-cue discrimination strategy. These collective findings are in accordance with previous studies which found that disconnection of the MDT-mPFC circuit or the separate inactivation of either the MDT or mPFC resulted in impaired set-shifting in rodents. 35, 54, 56 Based on these behavioral studies as well as the known role of subplate cells in thalamo-cortical pathfinding, it is reasonable to suggest that developmental lesions affecting the frontal cortical subplate layer result in set-shifting deficits in adulthood compatible with abnormalities in the thalamocortical modulation of PFC; a notion supported by the schizophrenia literature. 63, 64 Further analysis of the set-shifting performance revealed that the NGF-treated rats showed significant perseverance, indicative of an inability to effectively disengage from the original, now-irrelevant strategy. Despite this increased perseverance, the number of regressive and never-reinforced errors were not changed in the NGF-treated animals compared to the control group. Thus, our set-shifting results are consistent with studies on humans, non-human primates and rodents, in which the number of perseverative errors increased following insults to the PFC, with no effect on regressive or neverreinforced errors. 35, 46, 50, 52, [65] [66] [67] [68] In clinical studies involving the WCST, patients with schizophrenia demonstrated increased perseverance, [69] [70] [71] and the brain areas activated during task performance included the dorsolateral PFC. 72, 73 Collectively, these clinical results further emphasize that the type of set-shifting impairments induced by a neonatal subplate lesion resemble the deficits seen in schizophrenia.
Neonatal Subplate Lesion and Impaired Reversal Learning
In addition to set-shifting impairment, we observed that NGF-treated rats have a deficit in reversal learning, another component of behavioral flexibility. Reversal learning is mainly controlled by the orbitofrontal part of the PFC, 39 as lesions or deactivation of this brain region results in impaired reversal learning in humans 49, 74 and rodents. [75] [76] [77] [78] Furthermore, Parnaudeau et al 56 demonstrated that the MDT has strong projections to the orbitofrontal PFC, and inactivation of MDT resulted in impaired reversal learning in rodents. In considering our neonatal subplate lesion model, further characterization of the abnormalities in the MDT and other PFC subregions, including the orbitofrontal cortex, are needed in order to determine the underlying mechanisms mediating the deficits we observed in reversal learning. This future work will be important given that our findings are in accordance with clinical studies where schizophrenic patients showed impaired reversal learning. 79 
Neonatal Subplate Lesion: A Putative Model of Schizophrenia?
The present results confirm our previous findings that NGF infusions into the developing frontal cortex leads to apoptosis of cells localized preferentially to the subplate layer, with no evidence of lesions to other cortical or subcortical areas. [17] [18] [19] Moreover, similar to our previous study, 18 the prefrontal cortical grey matter thickness was also reduced in the NGF-treated rats. We also found that these rats showed decreased parvalbumin protein levels within the mPFC. It is worth noting that these are some of the consistent neuropathological findings of postmortem brains of schizophrenia patients. [80] [81] [82] Our previous work showed that rats subjected to partial lesion of the subplate in their developing frontal cortex manifested adult-onset increased responsivity to environmental stress and systemic amphetamine challenge; common experimental methods to elicit positive symptom-like features in putative animal models of schizophrenia. 18 We also showed that subplate-lesioned rats have impaired pre-pulse inhibition to acoustic startle. The number of trials to criterion and (B) number of errors committed prior to achieving the criterion were significantly greater in the NGF-treated rats compared to controls (*P < .05 and **P < .005; Student's t tests). Control, n = 10; NGF, n = 11. Data are expressed as the mean ± SEM.
In addition to these positive symptom-like features, we also reported that a neonatal lesion of the frontal cortical subplate layer caused social interaction deficits in adulthood, indicating the presence of negative symptom-like feature of schizophrenia. 19 The present study provides an important complementary assessment of the cognitive impairments in behavioral flexibility associated with our neurodevelopmental model.
Behavioral flexibility is a core feature of executive function and is commonly impaired in schizophrenia patients. [5] [6] [7] [8] [9] [10] Not only are the deficits in behavioral flexibility severely debilitating to these patients, but at present, there are no effective treatment strategies for improving these cognitive deficits. Consequently, the identification of validated animal models will remain important in not only helping to uncover the cellular mechanisms underlying the cognitive impairments in schizophrenia, but also in providing a preclinical platform to test potential therapeutic strategies. To date, a number of preclinical putative models of schizophrenia have shown deficits in set-shifting with increased incidence of perseverance, [83] [84] [85] [86] [87] [88] but findings of reversal learning ability in these models were inconsistent. [83] [84] [85] [86] Ultimately, because our neonatal subplate lesion leads to significant deficits in behavioral flexibility, along with several positive and negative symptom-like features and neuropathological abnormalities, we are optimistic that this neurodevelopmental model may prove useful in future preclinical research in schizophrenia.
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